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Abstract

The identification of specific genetic alterations that drive the initiation and progression of cancer
and the development of targeted drugs that act against these driver alterations has revolutionized
the treatment of many human cancers. While substantial progress has been achieved with the use
of such targeted cancer therapies, resistance remains a major challenge that limits the overall
clinical impact. Hence, despite progress, new strategies are needed to enhance response and
eliminate resistance to targeted cancer therapies in order to achieve durable or curative responses
in patients. To date, efforts to characterize mechanisms of resistance have primarily focused on
molecular events that mediate primary or secondary resistance in patients. Less is known about the
initial molecular response and adaptation that may occur in tumor cells early upon exposure to a
targeted agent. Although understudied, emerging evidence indicates that the early adaptive
changes by which tumor cells respond to the stress of a targeted therapy may be crucial for tumor
cell survival during treatment and the development of resistance. Here, we review recent data
illuminating the molecular architecture underlying adaptive stress signaling in tumor cells. We
highlight how leveraging this knowledge could catalyze novel strategies to minimize or eliminate
targeted therapy resistance, thereby unleashing the full potential of targeted therapies to transform
many cancers from lethal to chronic or curable conditions.

Introduction

The identification of specific somatic oncogenic alterations that drive tumor growth-4 and
the development of targeted therapies that act against these oncogenic drivers have
transformed the treatment of many cancer patients. Common oncogenic signaling
components and pathways are depicted in Figure 1. Targeted therapies often elicit
substantial initial tumor responses in patients with advanced-stage cancers in which
conventional cytotoxic chemotherapy is largely inactive (Table 1). Paradigm-defining
examples of this approach include the use of BRAF inhibitors in BRAF V600E mutant
melanoma patients® and the use of EGFR or ALK tyrosine kinase inhibitors (TKIs) in EGFR
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mutant and ALK fusion positive non-small cell lung cancer (NSCLC) patients6-9,
respectively. However, these targeted agents do not induce durable or curative responses in
patients, with a few notable exceptions, because of therapy resistance that emerges after an
initial response (secondary or acquired resistancel%-12). Furthermore, many patients whose
tumors harbor a genetic driver of tumor growth fail to respond initially to the relevant
targeted agent and exhibit primary (or innate) resistancel113.14,

To date, efforts to understand the basis of therapy resistance have largely focused on
uncovering mechanisms of this secondary or primary resistance many of which consist of
genetic or epigenetic events that pre-exist before treatment (recently extensively reviewed
elsewhere1®16). These mechanisms are broadly categorized into 3 main groups: (1) on-target
mutations that compromise binding or inhibition of the drug to the target (for example, the
EGFR T790M resistance mutation in EGFR mutant lung cancerl?-19): (2) bypass signaling,
in which the target remains inhibited by the targeted drug but compensatory engagement (or
disengagement) of other critical signaling components rescues the tumor cells from death
and enables proliferation and survival (for example, upregulation of MET or AXL receptor
kinase signaling in resistance to EGFR targeted therapy20-23); (3) phenotypic transformation
from one histology or morphology to another (for example, lung adenocarcinoma-to-small
cell lineage transformation, or prostate adenocarcinoma to neuroendocrine small-cell
morphology?4-26). In contrast, the signaling events that occur dynamically and immediately
in tumor cells in response to initial therapy that may adaptively enable tumor-cell survival
and drive resistance are less well understood. In order to unleash the full potential of
targeted cancer therapy to transform cancers from lethal to chronic or curable conditions, it
is essential to understand the biological mechanisms by which tumor cells adapt and survive
the stress of initial therapy that enable initial or eventual escape from death. Recent studies
have begun to fill this critical knowledge gap, and herein we categorize these adaptive
signaling events as “adaptive stress signaling”. We review emerging findings that unveil
how tumor cells respond dynamically and adapt to the stress of targeted therapy,
emphasizing the promise this new knowledge holds for enabling truly transformative
advances in cancer patient survival. Critically, we focus here not on mechanisms of
signaling crosstalk or primary or secondary resistance to targeted therapy but rather more
specifically on summarizing the biological events that have been shown to constitute an
adaptive stress response in tumor cells treated with targeted therapy.

Adaptive stress response to targeted inhibition of oncogenic receptors

In this section, we discuss important findings that demonstrate how tumor cells with a
particular oncogenic receptor can rewire intracellular signaling pathways as a stress response
to survive initial targeted therapy. Oncogenic alterations in EGFR drive the growth of
several tumor types, most notably NSCLC27-29 and glioblastoma multiforme3° (GBM).
Inhibition of oncogenic EGFR can elicit compensatory signaling events that contribute to
tumor cell survival. Inhibition of oncogenic EGFR (EGFRvIII) in GBM cells resulted in de-
repression of the platelet-derived growth factor receptor, beta polypeptide (PDGFRB). This
EGFR inhibitor induced upregulation of PDGFRB occurred via relief of mammalian target
of rapamycin complex 1 (MTORC1) and ERK mediated suppression of PDGFRB
expression. PDGFRB, when upregulated, provided survival signaling that limited the anti-
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tumor effects of EGFR oncogene inhibition in GBM cells3L. The data raise the possibility
that co-inhibition of EGFR and PDGFR using potent and selective targeted agents that cross
the blood-brain barrier could enhance response in GBM patients.

More recently, inhibition of oncogenic EGFR was shown to increase STAT3 signaling and
thereby rescue tumor cells from death upon EGFR targeted therapy in NSCLC cells32. These
effects occurred via inhibition of MEK downstream of EGFR that led to activation of
STAT3 and downstream IL6 signaling to promote cell survival and eventual (acquired)
resistance32:33, This signaling axis may be a more general stress response, as some tumor
cells with oncogenic forms of the anaplastic lymphoma kinase (ALK) or MET exhibited
similar upregulation of STAT3 upon oncogene inhibition32:34,

Additional work by our group has revealed another layer of complexity in the adaptive
response to EGFR inhibitor treatment. We found that EGFR targeted therapy elicits
immediate activation of NFkB survival signaling via an NFxB activating biochemical
complex in NSCLC cells that increased IL6-STAT signaling (Blakely, Pazarentzos &
Bivona, manuscript under revision). This NFxB driven stress response enforced a cell
survival circuit that was required for the development of acquired EGFR inhibitor resistance.
NF«B activation occurred as a consequence of oncogene-inhibitor induced ubiquitination of
TRAF2, which in turn activates RIP1. Subsequently, RIP1 activates NEMO which provides
the scaffolding for the activation of IKK[ and ultimately the phosphorylation and
degradation of IxBa. Within minutes of EGFR inactivation the RelA subunit of NFxB
translocates to the nucleus and initiates an extensive transcriptional survival program. In
summary, the oncogene-driven cell rewires the signaling to compensate immediately for
inhibition of the oncogene and assembles a TRAF2-RIP1-IKK-EGFR complex to activate
anti-apoptotic and pro-survival NFxB targets. These studies provide new insight into the
resiliency in tumor cells with oncogenic EGFR and reveal an interesting role for dynamic
modulation of ubiquitination as a molecular switch in this context. Together, these findings
indicate that targeting NFxB or IL6-STAT signaling in combination with oncogenic EGFR
initially may deprive tumor cells the opportunity to adapt and survive primary therapy and
thereby eliminate the eventual emergence of drug-resistance.

The lessons learned through the study of oncogenic EGFR also extend to other oncogenic
ERBB family members. Overexpression of ERBB2 by genomic amplification occurs in
approximately 15% of breast cancers and ERBB2 targeted therapies such as lapatinib are
approved for use in patients3®. However, patients almost inevitably develop resistance
during therapy. Recently mechanisms of adaptive stress response have been identified that
contribute to the development of acquired resistance. For example, inhibition of amplified
ERBB2 can lead to transcription upregulation of ERBB336, ERBB3 upregulation is caused
by ERBB2 inhibitor treatment, which leads to de-repression of ERBB3 expression that
occurs via PI3K-AKT signaling operating downstream of ERBB2 in breast cancer cells.
ERBB3 upregulation is dependent on FOXO3A that is activated upon PI3K-AKT signaling
inhibition and leads to compensatory activation of ERBB3 signaling and tumor cell
survival37:38, Thus, dual inhibition of ERBB2 and ERBB3 may subvert this adaptive
survival circuit and enhance response in patients. Another example of such adaptive stress
response mechanisms is hyper-activation of NFicB3%40, Treatment of ERBB2 positive
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tumors led to activation of NFxB through NIBP upregulation. The findings were also
validated in ERBB2 expressing esophageal cancers. Interestingly, lapatinib-induced NF«B
activation created a dependency on NF«B signaling that was exploited therapeutically using
proteasome inhibitors, which were effective against these tumor cells*Z.

Beyond oncogenic receptor kinases, inhibition of hormone receptors that drive the growth of
endocrine cancers can lead to adaptive signaling events that promote tumor cell survival and
thereby limit targeted therapy efficacy. The proliferation and progression of prostate cells to
a malignant state is mainly driven by the stimulatory effects of the androgen receptor (AR).
Recent evidence revealed that inhibition of the AR with small molecule AR-targeted agents
led to rapid activation of PI3K-AKT signaling in prostate adenocarcinomas?*2. This effect of
AR inhibition occurred via downregulation of the AKT phosphatase PHLPP whose
expression is controlled, in part, by AR. This dynamic activation of PI3K-AKT limited
response to AR blockade and provided rationale for co-targeting AR and PI3K-AKT
signaling in prostate adenocarcinoma patients. Recently, another mechanism that seems to
appear acutely following AR inhibition is the immediate upregulation of the glucocorticoid
receptor (GR), which in turn leads to a transcriptional program that promotes resistance to
anti-androgen therapy*3. Activation of WNT-B catenin signaling is another mechanism of
adaptive response to androgen deprivation therapy that promotes reactivation of AR
output#. This study revealed that prostate-specific antigen (PSA) is re-expressed via
transcriptional upregulation by -catenin which binds to PSA promoter.

Nearly 75% of breast cancers are positive for the estrogen receptor (ER) and tamoxifen has
revolutionized the treatment of ER-positive tumors by antagonizing ligand binding. In ER-
positive breast cancer, activation of the PI3K-AKT-mTOR pathway appears to be an
important mechanism of resistance that occurs early after tamoxifen therapy#°. Additionally,
IGF1R, which activates PI3K-AKT-mTOR signaling, has been shown to provide an
immediate escape mechanism from tamoxifen therapy via the upregulation of an IGF1R
transcription program and the ultimate development of resistance in ER-positive breast
cancers?8. Altogether, these emerging findings provide further impetus to explore the
dynamic response to the stress induced by both receptor and non-receptor targeted therapies
across a broad range of tumor types.

Adaptive stress response to targeted inhibition of cancer-driving non-
receptor kinases

Here, we review important findings that reveal how tumor cells with a particular cancer-
promoting non-receptor kinase can rewire intracellular signaling pathways as a stress
response to survive initial targeted therapy. The RAS-RAF-MEK-ERK signaling pathway is
critical for the initiation and progression of a wide spectrum of human cancers?3. This
pathway is activated in tumor cells either through somatic alterations in pathway
components, most commonly RAS and RAF, or via oncogenic activation of an upstream
receptor kinase such as EGFR. Although direct inhibitors of RAS remain under
investigation, to date no direct inhibitor of RAS has been clinically effectivet’-49. However,
RAF and MEK inhibitors® are approved for use in patients with advanced stage
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BRAFV600E mytant melanoma although therapy resistance remains a major challenge that
limits the overall clinical impact of these agents.

Rapid activation of upstream receptor kinases has recently been shown to limit response to
targeted inhibition of BRAF or MEK in different tumor types. Primary resistance to BRAF
inhibition in BRAFY600E colon cancer cells has been attributed to compensatory activation
of EGFR5L. EGFR was activated as a consequence of RAF inhibitor induced suppression of
ERK and CDC25C, a phosphatase that negatively regulates EGFR2, Importantly, EGFR
inhibition together with BRAF inhibitor treatment counteracted this stress response and
enhanced efficacy, providing rationale for combination therapy trials in colon cancer
patients. Recent studies have extended this paradigm, indicating that BRAF or MEK
inhibition leads to activation of multiple receptor kinases including EGFR in melanoma®3,
In this context, increased receptor kinase expression and signaling was a consequence of
suppression of the transcription factor sex determining region Y-box10 (SOX10) following
BRAF or MEK targeted therapy®3. Interestingly, the supra-physiologic activation of MEK
signaling that occurs as a consequence of this receptor kinase activation was detrimental to
tumor cell growth. However, this signaling adaptation impaired tumor cell proliferation but
not survival. Therefore, this study revealed that this adaptive compensatory activation may
provide a context-specific survival advantage in melanoma, in that a subpopulation of tumor
cells may survive RAF-MEK targeted therapy at a fitness cost that nevertheless enables the
emergence of a drug-resistant tumor over time.

Parallel findings have been observed in various cancer cell lines treated with a MEK
inhibitor. Indeed, inhibition of MEK can induce rapid dephosphorylation of EGFR and
ERBB2 on inhibitor sites that phosphorylated by ERK>4:55, Increased EGFR and ERBB2
activation, in turn, promotes ERBB3 upregulation and signaling that buffers the cells against
the effects of MEK inhibition. Similarly, MEK inhibition has been shown to induce
activation of multiple receptor kinases beyond those in the ERBB family by a variety of
adaptive, rapid transcriptional and post-translational mechanisms in breast cancer and other
tumor types. These receptor kinases induced upon MEK inhibition include IGF1R%5,
AXL57, DDR1/2%7, PDGFRB®35 and KDR. Interestingly, the molecular basis of this stress
response included MY C-driven upregulation of these receptor kinases in triple negative
breast cancer, colorectal, and NSCLC cells®8. Combined MEK plus receptor kinase
inhibition could abolish compensatory survival signaling that occurred through both ERK
and AKT®7-59, providing rationale for potential combination therapies in the relevant patient
subsets.

Recent work has highlighted a role for energy metabolism in the adaptive response to RAF-
MEK targeted therapy in some tumors. The primary molecular circuit to produce ATP in
normal cells resides at mitochondria where pyruvate enters and is converted to ATP. The
process is called oxidative phosphorylation (OXPHOS) and utilizes glucose and oxygen®.
Otto Warburg in 1956 described an alternative process by which oxygen is not used even if
present and glucose is instead converted to lactate, generating ATP albeit inefficiently 62,
The exact reason that cancer cell switch to this inefficient process of ATP generation is
currently not completely understood and is not likely to be due to loss of OXPHOS®2,
However recent reports demonstrate that Warburg glycolysis is required to overcome
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oncogene-induced senescence and this has been clearly shown in cells with mutant KRAS or
mutant BRAF®3, Recently RAF inhibition was shown to promote a rapid switch from
Warburg glycolysis to OXPHOS in melanoma®4. This adaptive response involved metabolic
reprogramming that enabled mutant BRAF melanoma cells to survive anti-RAF therapy.
Patients treated with vemurafenib showed increase ATP production and expression of an
OXPHOS genetic program. This metabolic reprogramming was mediated through EKR1/2
inhibition, which promoted upregulation of the transcriptional coactivator peroxisome
proliferator-activated receptor gamma coactivator 1 alpha (PGCla). Specifically in
melanoma cells, PGCla upregulation coincided with stabilization and increase in the
expression of the microphthalmia-associated transcription factor (MITF). The upregulation
of PGCla and MITF resulted in decrease in the glycolytic flux with co-current enhancement
of OXPHOS. The data suggest that ERK1/2 inhibition either by RAF or MEK inhibitors
forced the cells to induce an adaptive mechanism that at first glance seems unfavorable for
cancer cells. However, melanoma cells shift their dependency from glycolysis to OXPHOS
to dynamically enable tumor initiation by an oncogene or adapt to inhibition of that
oncogene. Another adaptive response mechanism involving a metabolic switch to OXPHOS
was utilized by the BRAF mutant melanoma cells, namely the upregulation of lysine-
specific demethylase 5B (JARID1B)8°. JARID1B upregulation occurred within hours of
RAF inhibition or chemotherapy, demonstrating that cells can quickly engage adaptive
mechanisms to resist the lethal consequences of oncogene inhibition or DNA damage.
PGC1la-mediated MITF upregulation and overexpression of JARID1B seem to have the
same consequences to the cells, indicating that metabolic adaptation is a mechanism of
adaptive response that is possibly utilized by other tumor types where MITF is not involved.
Interestingly in EGFR mutant non-small cell lung cancer cells, increased histone
demethylase function, specifically that of JARID1A, has been observed in a subpopulation
of cells that are treated with gefitinib®. Although in that study the effects of JARID1B were
attributed to IGF1R and not OXPHOS, it is possible that that energy regulation is a more
general means by which tumor cells of distinct lineages adapt to therapy and survive.
Inhibitors of OXPHOS in combination with RAF inhibitors, or perhaps other targeted
therapies, may be a useful and successful strategy to decrease tumor burden and suppress
drug resistance.

Beyond the RAS-RAF-MEK-ERK pathway, resiliency in the face of targeted inhibition of
PI3K-AKT-mTOR signaling has also been observed in some tumor cells. Indeed,
pharmacologic suppression of mMTORC1 with rapamycin relieves inhibition of the upstream
adaptor protein IRS-1%6, resulting in mTORC2-mediated AKT activation in breast cancer
and multiple myeloma cells®7:68. This rapid activation of the pathway occurs because
mTORC1 inhibition decreases phosphorylation of the downstream target S6K which, when
active, phosphorylates and inhibits IRS-1. Dual inhibition of mMTORC1 and mTORC2 can
overcome this adaptive signaling circuit. However, this dual suppression of mTORC1-2 then
led to upstream activation of receptor kinases via their transcriptional upregulation89-74,
Thus, combined inhibition of PI3K-AKT-mTOR and receptor kinase signaling may be
effective clinically if a sufficient therapeutic window can be achieved in patients.

Additional adaptive responses to inhibition of PI3K were recently described and,
interestingly, involved regulation of structural components of tumors, including the
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extracellular matrix and basement membrane’2. In studies in ovarian and breast cancer cells,
adaptive protection from the suppressive effects of PI3K-AKT-mTOR inhibition involved
upregulation of several receptor kinases including EGFR, ERBB2, IGF1R, AXL and
alternative signaling pathways such as JAK-STAT3/6 signaling2. Interestingly Bcl-2 was
also found to be upregulated in this context. As Bcl-2 is an established NF«B target gene,
these findings suggest another potential role for NFxB in the adaptive remodeling of the
extracellular matrix during adaptation to therapy. The combination of PI3K-AKT-mTOR
targeted drugs together with BH3 mimetic agents targeting anti-apoptotic proteins such as
Bcl-2 may overcome this adaptive response and enhance anti-tumor efficacy.

Hence, intra and inter-pathway crosstalk in the RAS-RAF-MEK-ERK and PI3K-AKT-
mTOR signaling pathways enables dynamic rewiring and adaptation to targeted therapy in
cancer cells. Leveraging this knowledge clinically to enhance therapy efficacy will require
not only knowledge of the tumor-type selective and context- specific signaling network
features that enable tumor cell escape from treatment but also the appropriate use of
combinatorial drug strategies that are safe and well-tolerated in patients.

Adaptive stress response to targeted therapy by phenotype switching

Here, we review intriguing recent evidence linking drug response in cancer to cellular
phenotype switching. Phenotype switching can be observed after inhibition of receptor or
non-receptor kinases as well as in response to chemotherapy and represents an additional
manifestation of adaptive stress signaling, and one that may be functionally related to the
adaptive signaling events discussed above in oncogene-driven tumor cells. Lineage-specific
factors that regulate cellular phenotype and oncogenesis have been identified in certain
cancers, including melanoma. The microthalmia-associated transcription factor is one such
factor that has been shown to contribute to the pathogenesis of melanoma’>:76. Interestingly,
suppression of MITF has been shown to not only decrease cell cycle progression but also
simultaneously promote a stem-cell like invasive phenotype characterized by loss of
differentiation and tyrosinase expression’’. These findings suggested that agents that
decrease MITF levels may have dual, opposing effects on tumor growth and that activation
of MITF may be beneficial in some contexts. In a recent study, treatment with the
chemotherapy agent methotrexate adaptively and rapidly induce MITF expression to
suppress invasiveness and promote differentiation of melanoma cells regardless of the
genetic status of BRAF or other common somatic genetic alterations present in melanoma.
These effects were accompanied by increased tyrosinase expression and consequent tumor
cell specific hypersensitivity to a tyrosinase-processed antifolate drug’’. Together, the data
indicate context-specific modulation of therapy-induced, adaptive signaling changes that
mediate cellular phenotype switching can unveil therapy strategies to enhance responses and
limit systemic toxicity in patients.

Beyond melanoma, phenotype switching has been associated with drug resistance in several
epithelial cancers. Indeed, the epithelial-mesenchymal transition (EMT) and transformation
to small cell histology has been associated with resistance to targeted therapies against
EGFR in NSCLC, AR in prostate adenocarcinoma, and targeted agents in different tumor
types. In the case of EMT, the drug resistant cells are often hyper-invasive and acquire other
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features associated with increased metastasis such as stem-like molecular profiles. The
extend to which this phenotype switching is triggered early and dynamically in response to
targeted therapy and the underlying molecular basis remains to be deeply explored.
Interestingly, several studies have implicated increased expression of the receptor kinase
AXL in phenotype switching in NSCLC, breast cancer, and melanoma. This finding raises
the possibility the stress response to targeted therapy may involve a conserved molecular
pathway involving AXL and the acquisition of stem-like molecular properties that
culminates in a cellular phenotype switch coupling metastasis and drug resistance. Future
studies are needed to shed light in this important area, as the knowledge gained could
provide tumor-type selective and context-specific strategies to subvert both drug resistance
and metastatic tumor progression simultaneously.

Conclusions and Future Perspectives

As targeted cancer therapy gains a broader foothold in the clinic, it will become increasingly
important to define the immediate molecular and cellular responses by which tumor cells
adapt and buffer against these potentially-lethal insults. The genetic and epigenetic evolution
of tumor cells endows them with substantial resiliency, confounding even our most potent
targeted therapy attacks. In order to eliminate the presence of innate and the emergence of
acquired resistance to treatment, therapies that pre-empt the stress response enabling tumor
cell survival early during therapy are needed (Figure 2). A systematic approach, perhaps
through the use of coupled genetic and proteomic profiling together with functional
genomics screens, to define these molecular escape routes is critical for progress.
Additionally, access to tumor specimens from patients not only before treatment and after
the development of resistance but also early during therapy is necessary to define and
validate the most clinically relevant molecular and cellular adaptions for subsequent
therapeutic targeting.

While this review focuses on the adaptive stress responses induced by targeted therapeutics,
it is worth noting that another interesting area of adaptive stress signaling that has been
relatively unexplored is the response to radiotherapy. Interestingly, activation of a HER2-
NFkB signaling axis that induced additional HER2 in a feedback loop manner was observed
in cancer stem cells in response to radiotherapy in breast cancer cells 78. This work is
particularly interesting because many breast cancers respond initially to radiation therapy
but relapse occurs and may be linked to residual or emergent stem cells resident within the
tumor. In this recent work, radiotherapy rapidly induced NF«B activation, which in turn
promoted the expression of HER2.7® Another interesting example of radiation-induced
adaptive-stress response is the activation and cytosolic sequestering of cyclin D1 as well as
activation of NF«kB. In keratinocytes treated with low dose radiation therapy NFxB was
rapidly activated and induced radioresistance®. In a similar model of keratinocytes,
radiotherapy induced cytosolic levels of cyclin D1 that interacted with the pro-apoptotic Bax
and prevented apoptosis. 81 Induction of cyclin D1 levels was rapid and did not coincide
with translocation of cyclin D1 into the nucleus. Instead, a complex between cyclin D1 and
BAX occurred that prevented each protein from translocating to the appropriate cellular
locale, namely the mitochondria for Bax and nucleus for cyclin D1.81 More work is required
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to understand the adaptive stress response to radiotherapy and the role of stem cells in
adaptive stress responses more generally.

It is tempting to speculate that immediate adaptations to therapy occur not only in tumor
cells but also in tumor micro-environmental cells that impact tumor growth, drug response,
and metastatic progression. Hence, it is critical to extend studies of the dynamic response to
therapy to stromal and immune cells that reside within the broader tumor ecosystem. Indeed,
recent data indicate that inhibition of MEK may lead to activation of cytotoxic T cells in
some melanomas, providing rationale to further explore this largely uncharted role of the
adaptive response to therapy in cancer. Such investigations could yield novel combinatorial
treatment strategies that suppress adaptive survival signaling in tumor cells while
simultaneously engaging the host anti-tumor response to enhance the magnitude and
duration of response in patients.

In summary, a deeper understanding of the survival mechanisms engaged rapidly in
response to the stress of targeted therapy promises to offer not only increased fundamental
knowledge but also improved treatment strategies capable of unleashing the full potential of
targeted cancer therapy to transform cancer patient survival.
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Figure 1. Oncogenic signaling in tumor cells
Shown are major signaling pathways involved in the initiation and progression of many

tumors. Pathway crosstalk can occur at multiple levels from signaling emanating from the
plasma membrane to the mitochondrial and nuclear events. Thus, there is significant
potential for stress response signaling such that inhibition of one pathway results in the
engagement of a distinct pathway that maintains tumor cell homeostasis and promotes
escape from therapy. This profound robustness is a critical feature of the evolution of tumors
both in the absence and the presence of therapy, consistently enhancing tumor survival in
response to various stresses. Abbreviations: Raf, Raf proto-oncogene serine/threonine
kinase; Mek, mitogen activated protein kinase kinase; Erk, extracellular signal related
kinase; PI3K, phosphoinositide 3-kinase; AKT, v-akt murine thymoma viral oncogene
homolog; IRS1, insulin receptor substrate; mTORC1/2, mammalian target of rapamycin;
GRB2, growth factor receptor-bound protein; SOS, son of sevenless homolog; PTEN,
phosphatase and tensin homolog; PDPK1, 3-phosphoinositide dependent protein kinase 1,
TSC1/2, tuberus sclerosis; PLC, phospholipase C; RalGDS, ral guanine nucleotide
dissociation stimulator; IKKa/B, inhibitor of nuclear factor kappa-B kinase subunit alpha/
beta. NFxB, nuclear factor kappa-light-chain-enhancer of activated B cells
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Figure 2. Model for blocking primary and adaptive molecular events underpinning tumor cell
survival in order toinduce profound and durable responsesin patients

Ligand stimulation, mutation, amplification or crosstalk between receptor tyrosine kinases
(RTK1, RTK2) leads to their constitutive activation, which in turn activates downstream
effector pathways. Inhibition of the driver oncogene leads to an immediate, adaptive stress
response. Subsequently, signaling pathways are rewired in order to adapt to the new
condition in which signaling from the oncogene is inhibited and sustain cell proliferation
and survival. A new paradigm for cancer treatment would be the use of upfront combination
therapies along with the oncogenic driver inhibition. While Drug A is normally used for
inhibition of the driver oncogene, Drug B or Drug C can be used in combination upfront to
prevent cancer cell adaptation. The outcome of this combination therapy approach would be
enhanced killing of tumor cells and delay or prevention of therapy resistance. Abbreviations:
Raf, Raf proto-oncogene serine/threonine kinase; Mek, mitogen activated protein kinase
kinase; Erk, extracellular signal related kinase; PI3K, phosphoinositide 3-kinase; AKT, v-akt
murine thymoma viral oncogene homolog; mTORC1/2, mammalian target of rapamycin;
PLC, phospholipase C; NFkB, nuclear factor kappa-light-chain-enhancer of activated B
cells
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